The nuclear pore complex (NPC), the sole gateway for nucleocytoplasmic exchange in eukaryotic cells, allows for the passive diffusion of small molecules and transport-receptor-facilitated translocation of signal-dependent cargo molecules. Whether small molecules passively diffuse through a single central channel or through multiple holes of a hydrogel network is a subject of debate. Additionally, whether the passive and facilitated transport systems occupy distinct or overlapping physical regions of the NPC remains unclear. Here, we directly test these models using threedimensional super-resolution fluorescence microscopy of human cells. This approach reveals that a single viscous central channel in the NPC acts as the sole pathway for passive diffusion of various small molecules; transport receptors and their cargo complexes take distinct transport routes in the periphery, which is occluded by phenylalanine-glycine filaments. Furthermore, the passive and facilitated passageways in the NPC are closely correlated, and their conformations can be simultaneously regulated by Importin β1 (a major transport receptor) and RanGTP (a critical regulator of transport directionality). These results strongly favor a self-regulated viscous channel configuration in native NPCs over the porous hydrogel meshwork model. 3D imaging | nucleoporins | single-molecule fluorescence | super-resolution microscopy T he nuclear pore complex (NPC) that is embedded in the nuclear envelope (NE) functions as a highly selective gateway for an exchange of macromolecules between the cytoplasm and nucleus of eukaryotic cells. The NPC is a large assembly of approximately 30 different proteins, known as nucleoporins (Nups), with each present in an integer multiple of eight copies (1-3). Approximately one-third of the total Nups possess a "natively unfolded" structure with domains that are rich in phenylalanineglycine (FG) repeats. These FG-Nups form the selective permeability barrier in the NPC that allows for two transport modes: passive diffusion of small molecules (<40-60 kDa) and transport-receptor-facilitated translocation of cargo molecules containing specific signals (4, 5). The existence of facilitated translocation suggests that a cargo molecule would be repelled by the NPC unless it is chaperoned by transport receptors (6-8).
The nuclear pore complex (NPC), the sole gateway for nucleocytoplasmic exchange in eukaryotic cells, allows for the passive diffusion of small molecules and transport-receptor-facilitated translocation of signal-dependent cargo molecules. Whether small molecules passively diffuse through a single central channel or through multiple holes of a hydrogel network is a subject of debate. Additionally, whether the passive and facilitated transport systems occupy distinct or overlapping physical regions of the NPC remains unclear. Here, we directly test these models using threedimensional super-resolution fluorescence microscopy of human cells. This approach reveals that a single viscous central channel in the NPC acts as the sole pathway for passive diffusion of various small molecules; transport receptors and their cargo complexes take distinct transport routes in the periphery, which is occluded by phenylalanine-glycine filaments. Furthermore, the passive and facilitated passageways in the NPC are closely correlated, and their conformations can be simultaneously regulated by Importin β1 (a major transport receptor) and RanGTP (a critical regulator of transport directionality). These results strongly favor a self-regulated viscous channel configuration in native NPCs over the porous hydrogel meshwork model. 3D imaging | nucleoporins | single-molecule fluorescence | super-resolution microscopy T he nuclear pore complex (NPC) that is embedded in the nuclear envelope (NE) functions as a highly selective gateway for an exchange of macromolecules between the cytoplasm and nucleus of eukaryotic cells. The NPC is a large assembly of approximately 30 different proteins, known as nucleoporins (Nups), with each present in an integer multiple of eight copies (1) (2) (3) . Approximately one-third of the total Nups possess a "natively unfolded" structure with domains that are rich in phenylalanineglycine (FG) repeats. These FG-Nups form the selective permeability barrier in the NPC that allows for two transport modes: passive diffusion of small molecules (<40-60 kDa) and transport-receptor-facilitated translocation of cargo molecules containing specific signals (4, 5) . The existence of facilitated translocation suggests that a cargo molecule would be repelled by the NPC unless it is chaperoned by transport receptors (6) (7) (8) . The dissociation and association of transport-receptor-cargo complexes are guided by a concentration gradient of RanGTP (or RanGDP) across the NE (9, 10) . In contrast, the passive diffusion through the NPC requires no consumption of chemical energy.
Electron microscopy studies have revealed that the central nuclear pore is approximately 40-90 nm in length, with a minimum internal diameter of around 40-75 nm and an external diameter of approximately 120 nm. Flexible filaments extend approximately 50 nm into the cytoplasm, and a basket structure extends approximately 75 nm into the nucleus (5, 11) . Thus, a transiting substrate can potentially interact continuously with Nups over a distance spanning approximately 200 nm. Nonetheless, due to our limited knowledge of the native configuration of the FG-Nup barrier and of the interactions of the transiting molecules with this barrier, the precise nucleocytoplasmic transport mechanism remains unclear (12) (13) (14) (15) (16) (17) (18) .
Numerous models for this mechanism have been proposed, and these models make different but testable predictions for passive and facilitated transport. The "oil-spaghetti" and the "reduction of dimensionality" (ROD) models (12, 13) predict that an axial central channel (approximately 10-15 nm in diameter) exists in the NPC and acts as the primary passageway for the passive diffusion of small molecules (Fig. 1A) . The above-mentioned models, as well as the "virtual gating" and the "polymer brush" models, predict that the binding of transport receptors to FG repeats would promote efficient facilitated translocation of macromolecules by overcoming the entropic barrier of the NPC (2), collapsing FG filaments toward their anchors (12, 14) , or conducting two-dimensional (2D) movements on the FG-repeatcoated inner wall of the NPC (13), respectively. In contrast, the "selective phase/hydrogel" model proposes that weak hydrophobic interactions between FG repeats create a sieve-like hydrogel meshwork within the NPC (15, 16, 18) and that small molecules passively diffuse through numerous randomly distributed small holes (≤2.6 nm in diameter) in this mesh (Fig. 1B) . In this model, transport receptors and their cargo complexes gain efficient translocation through the NPC by dissolving into the FG-hydrogel network rather than by collapsing the FG filaments toward their anchors. Lastly, the "forest" model posits that two separate transport zones could form in the NPC for either passive diffusion or facilitated transport, depending on interactions between FG domains (17) .
To distinguish between these models and directly study the mechanism of transport, we developed a single-molecule fluorescence imaging approach, called single-point edge-excitation subdiffraction (SPEED) microscopy (19) , and used this technology to observe both passive diffusion and facilitated translocation through native NPCs in three dimensions. This technique allows us to map the 3D configurations of these two transport routes through the FG-Nup barrier in intact, submicrometer NPCs under real-time trafficking conditions, with an unprecedented temporal resolution of 400 μs and a spatial localization accuracy of 9 nm. Specifically, we acquired single-molecule measurements of nucleocytoplasmic transport by adding 1 nM dye-labeled substrates to the NPCs with green fluorescence protein (GFP)-conjugated-POM121 (a Nup anchored in the central scaffold of NPC) in digitonin-permeabilized HeLa cells under reconstructed functional transport conditions (19) . SPEED microscopy enabled us to capture a single fluorescent NPC using an inclined diffraction-limited illumination volume in a single cell (Fig. 1C) . We determined real-time transport times and recorded 2D single-molecule tracking trajectories of molecules transiting through the illuminated NPCs (Fig. 1 E-G and Fig. S1 , Table S1 , and Movies S1-S5). The 2D probability density maps of single-molecule tracking trajectories were then converted into the corresponding 3D probability density maps in the NPC using a deconvolution algorithm (19) (Fig. 1D) .
Results and Discussion
Three-Dimensional Spatial Probability Density Maps of Passive and Facilitated Transport in the NPC. Fluorescent transiting substrates of different sizes (0.3-217 kDa in molecular weight, approximately 1.4-12.8 nm in diameter), including organic dyes, dextrans, proteins, transport receptor Imp β1, and the model import cargo complex Imp α/Imp β1/NLS-2xGFP (nuclear localization sequence of PPKKKRKV linked to a GFP dimer), were tracked through single native NPCs. Extensive control experiments have shown that labeled dyes do not alter functional nucleocytoplasmic transport of transport receptors and their cargo complexes (19, (20) (21) (22) (23) . In 10 NPCs of 10 cells, 1,500 to 5,000 spatial locations for each substrate were collected from 110-750 singlemolecule nucleocytoplasmic transport events (Fig. 2) .
The 3D probability spatial distributions of transiting molecules recovered from their 2D probability density maps demonstrate that small molecules (0.3-29 kDa) smoothly diffuse through a single axial central channel in the native NPCs (Fig. 2 A-G and Movie S6). This central channel was found to be less permeable for the 41 kDa dextran molecules and almost completely impermeable to the 61 kDa GFP dimers and 72 kDa dextran molecules ( Fig. 2 H-J). Our measured cut-off size of approximately 40-60 kDa for passive diffusion through the NPC is consistent with previously obtained data from electron micrographs or estimations of size from measurements of bulk transport rates (1, 5, 15) . The transport receptor Imp β1 and the import cargo complexes, which have even larger sizes and interact with FG-Nups, were observed to efficiently transport through the NPC, but these molecules were mainly found in the periphery and seldom in the central channel ( Fig. 2 K and L) . The existence of distinct passageways for passive and facilitated transport was confirmed by examining the spatial distributions of 10 kDa dextran and Imp β1 molecules in cross-sections of the illuminated single NPCs at the bottom of the NE (Fig. S2) . Moreover, other transport receptors, such as NTF2 and transportin (also known as Imp β2), were also found to transport through the peripheral region around the Imp β1-unoccupied single axial tube in native NPCs (Fig. S3) .
Thus, our data show that (i) a single central channel serves as the major pathway for the passive diffusion of various small molecules, and (ii) our method allows for recording of the 3D spatial configurations of the central passive diffusion route and the peripheral facilitated transport pathways under real-time trafficking conditions in native NPCs. Our results strongly support the existence of a single-channel configuration in the NPC, as proposed in the oil-spaghetti and the ROD models (12, 13), and do not support the existence of multiple holes in a hydrogel meshwork, as proposed by the selective phase/hydrogel model (15, 16 ). This conclusion is consistent with previous statements that have been made to suggest that passive and active transport the NPCs occurs via distinct paths (24, 25) as well as with the prediction of double transport zones by the forest model (17).
Distinct but not Completely Separate Passive and Facilitated Transport
Zones. Previous controversial experimental results have fueled a debate over the spatial and functional overlap between passive and facilitated modes of transport (24) (25) (26) (27) (28) . In our measurements, compared to cargo-free Imp β1, the import cargo complex pervaded more into the central passive diffusion pathway (the diameter of the Imp β1-unoccupied central channel in the middle plane of the NPC was found to be 23 AE 3 nm with cargo-free Imp β1 and only 8 AE 4 nm with cargo-bound Imp β1, Fig. 2 K and L) . The differences between the paths of cargo-free and cargo-bound Imp β1 have been previously attributed to the size of the cargo complex and the orientation of labeled cargo in the cargo com- The "selective phase/hydrogel" model. Hydrophobic interactions between the FG repeats generate a sieve-like hydrogel meshwork (blue mesh). C, the cytoplasmic side of the NPC; NE, nuclear envelope; N, the nucleoplasmic side of the NPC. (C) Illumination of a single NPC in a cell by SPEED microscopy. Single transiting molecules (red dots) through a single GFP-NPC (blue) are imaged using an inclined illumination point spread function (iPSF forms an angle of 45°to the z direction) at the equatorial plane of a HeLa cell nucleus in the focal plane (between the double light blue lines). C, cytoplasm; N, nucleus. (D) The 2D to 3D deconvolution process. Using deconvolution algorithms (19) , the 3D spatial locations of transiting molecules in the NPC in a cylindrical coordinate system (R, θ, x) are recovered from the obtained 2D spatial locations in the xy plane. (E-G) Single-molecule trajectories and transport times through single NPCs. Typical nucleocytoplasmic import and export events of transiting molecules (red spots) through a single GFP-NPC (green spot) and their trajectories (blue dots for import, red for export and black for the centroid of the NPC) are shown in E and F. Numbers denote a series of frames, noting time in milliseconds. The import or export time of approximately 1.7 ms for the 10 kDa dextran is determined from a monoexponential decay function as shown in G.
plex (19) . Larger receptor-cargo complexes can inhabit more space in the passive diffusion channel. Small molecules were also found to invade the peripheral FG filamentous regions in both the axial and the radial directions of the NPC (Fig. 3) ; the partition depth strongly depended on the molecular size. As illustrated by the superimposed routes of passive diffusion of small molecules and cargo-free or cargo-bound Imp β1 (Fig. 3 A-D and Fig. S4 and Movies S7-S8), 0.3 kDa fluorescein molecules diffuse much deeper into the FG-repeat-Imp β1 interacting domains than 29 kDa GFP molecules in all five distinct interaction regions. Quantitatively, the length and the central diameter of the passive diffusion paths (based on the e −2 width of Gaussian fit) were found to change from 140-179 nm and 17-19 nm for larger passively diffusing molecules (approximately 3-7 nm in diameter) to 88-125 nm and 24-37 nm for smaller molecules (< ∼ 3 nm in diameter), respectively ( Fig. 3D and Table S2 ). The above data clearly indicate that the larger the facilitated transport cargo complex or the smaller the passively diffusing molecule, the bigger the overlapping areas between passive and facilitated passageways. Therefore, these two distinct transport zones in the NPC are not completely separate from one another, and the extent of overlap between them strongly depends on the molecular sizes of the transiting substrates. Having determined the dimensions of the central passive diffusion channel for each small molecule, we could calculate a theoretical diffusion time for the small molecules (t) using the
, where δ axis ðtÞ is the instantaneous moving distance of a small molecule projected along the axis of the NPC, hδ 2 axis ðtÞi is the length of the central channel measured for the small molecule, A c is the spatial confinement effect exerted by the nuclear pore on inserted molecules (29) .
Þ is the projected diffusion coefficient of the substrates transiting through an aqueous channel along the NPC axis, in which η aqueous , K, T, and r correspond to the viscosity in an open aqueous channel (η aqueous ¼ 1 cP), the Boltzman constant, temperature, and the molecular radius, respectively. As shown in Fig. 3E , the transport times measured for various small molecules in the NPC are much longer than those that were calculated for small molecules passively diffusing through an open aqueous channel, making it unlikely that an aqueous open central channel exists in native NPCs.
The effective viscosity (η pore ¼ τ t Ã η aqueous ) of the medium in the central channel of a native NPC was found to vary from 1.6 cP (for molecules ¼ ∼3-7 nm in diameter) to 3.4 cP (for molecules < ∼ 3 nm in diameter) (Fig. 3F) . What underlies this high viscosity? The central passive diffusion route is surrounded by filaments of FG Nups that interact with transport receptors (Fig. 3B) . Some FG filaments are predicted to be long enough to protrude into the central channel (16, 17) . While transport receptors mostly interact with FG filaments at the periphery and are seldom located in the central tube, the density of FG filaments in the channel would be much lower than in the peripheral region. These sparse and extended FG filaments in the central channel could affect passively diffusing molecules, generating a more viscous environment and increasing the diffusion time for small molecules. Very small molecules (< ∼ 3 nm in diameter) that are capable of reaching even further into the peripheral filamentous regions would encounter crowded FG filaments, which could certainly generate a more viscous microenvironment (Fig. 3F) . In summary, the above measurements suggest that a single central channel filled with a complex, inhomogeneous and viscous medium, rather than an open aqueous conduit, exists in the native NPC.
The Conformations of Passive and Facilitated Passageways in the NPC
Regulated by Imp β1 and RanGTP. We next sought to determine Fig. 2 . Two-dimensional superimposed spatial locations and three-dimensional probability density maps for various fluorescent transiting substrates. (A) Fluorescein dye. Superimposed plots of spatial localizations of single fluorescein molecules located primarily within a rectangular area of 240 × 160 nm around the centroid of the NPC (i). The locations in each 10 × 10 nm area were quantized and filtered with a Gaussian blur function to generate the 2D probability density map overlaid onto the NPC architecture (light blue). The highest density was 1.1 × 10 5 locations∕μm 2 and the lowest was 0 locations∕μm 2 , as shown in gray (ii). A 3D probability density map was generated using a 2D to 3D deconvolution (19) (red cloud; brighter color indicates higher density) and is shown in both side-view and a top-view orientations superimposed on the NPC architecture (blue). The distance from the NPC centroid and the diameter at the central plane of NPC were measured (iii). N, the nucleoplasmic side of the NPC. C, the cytoplasmic side of the NPC. whether Imp β1 could alter the conformations of FG-Nup filaments in the native NPC and thereby modify the dimensions of the passive and active transport pathways. In vitro experiments have shown that 33 nM Imp β1 molecules collapse the FG filaments of Nup153 toward their anchoring sites and that the addition of RanGTP reverses this collapse (14) . However, similar measurements conducted on the FG filaments of Nsp1 suggested that there was no collapse (30) . Both experiments used a single isolated FG-Nup in vitro. Whether the filaments of FG-Nups could be collapsed by Imp β1 in native NPCs remains an open question. The estimated physiological concentration of Imp β1 in living cells is 3 μM and that of total transport receptors is 15 μM (10, 31). To test whether the conformations of FG filaments and transport routes in native NPCs would be altered by the presence of micromolar concentrations of Imp β1, we performed three types of experiments. In the first experiment, we used Imp β1, which has been reported to interact with the FG repeats of all FG-Nups in the NPC, as a probe to detect the spatial distributions of the available FG repeats in the native NPC under various Imp β1 concentrations (0-15 μM). In the second experiment, we determined the 3D paths of the cargo complexes at different Imp β1 concentrations. In the third experiment, the 3D paths of passive diffusion were obtained at various Imp β1 concentrations.
Using SPEED microscopy, we measured the 3D pathways of 1 nM labeled Imp β1, the import cargo complex or 10 kDa dextran in the presence of 0 μM, 3 μM and 15 μM unlabeled Imp β1 (Fig. 4A and Fig. S5 , Movies S9 and S10, and SI Text). As shown in Fig. 4A , the length of the 3D pathway of Imp β1 was found to decrease from 190 ± 5 nm at 1 nM of Imp β1, to 180±5 nm at 3 μM and 160±5 nm at 15 μM. The diameter of the Imp β1-unoccupied channel in the middle plane of the NPC was found to increase from 18±1 nm at 1 nM of Imp β1, to 22±2 nm at 3 μM and 30±2 nm at 15 μM (Fig. 4C) . Imp β1-regulated conformational changes were also observed for the 3D pathways of the import cargo complexes (Fig. S5) . Remarkably, upon measuring the 3D passive diffusion path of 10 kDa dextran molecules in the NPC, we found that the length of the passive diffusion channel was also reduced and the diameter was larger as Imp β1 concentration increased (Fig. 4 B and C) . As both routes were affected by the addition of Imp β1, there appears to be a close correlation between the passive and the facilitated pathways.
In principle, the spatial distribution of the binding sites between FG-Nups and cargo-free or cargo-bound Imp β1 could be changed by (i) altered binding affinities between FG repeats and Imp β1 at higher Imp β1 concentrations, (ii) Imp β1-concentration-dependent conformational changes in the FG filaments, or (iii) a combination of the above. The altered physical dimensions of the central passive diffusion channel observed at different Imp β1 concentrations could not be caused by altered binding affinities between FG-Nups and Imp β1, however, because no FG-Nup binding sites are needed for the passive diffusion of small molecules through the NPC. Instead, the conformations of the FG filaments must be altered. Not only did we observe changes in the physical structure, but we also found that the enlarged central passive diffusion channel in the NPC at 15 μM Imp β1 makes the NPC more permeable to the 70 kDa dextran molecules, which generally fail to efficiently diffuse passively through NPCs at 1 nM Imp β1 (Fig. 2 and and Fig. S6) .
Remarkably, the Imp β1-dependent conformational changes in the FG filaments can be reversed by the addition of RanGTP (Fig. 4) . The conformational changes in the pathways for Imp β1, the import cargo complex and passive diffusion were all found to be reversed when 2 μM RanGTP was added to dissociate Imp β1 from the NPC in the presence of 15 μM Imp β1 (Fig. 4 A-C) . Almost no change was observed for any pathway after the addition of RanGDP, as expected (Fig. 4 A-C) . Fig. 4 . Three-dimensional pathways of passive and facilitated transport regulated by Imp β1 and RanGTP. (A) Cut-away view of the 3D pathways for Imp β1 (green cloud) and dextran (red cloud) superimposed on the NPC architecture (blue) under different experimental conditions. The relative distances from the centroid of the NPC for the pathways of Imp β1 (green) and dextran (red) in the x dimension of a cylindrical system (x, R, θ) are shown in nanometers. (B) Lengths of pathways for dextran in the x dimension (inset, side-view images adapted from A). Histogram of the spatial probability density for dextran in the x dimension was fitted to a Gaussian function to obtain a major peak and an e −2 width (in brackets) under each condition. (C) Diameter of the central channel in the R dimension under each condition (inset, cross-section images at the middle plane of the 3D probability density maps in A). (D) A "self-regulated viscous channel" (SERVICE) mechanism. Conformations of the FG barrier in the NPC and the corresponding passageways for the passive diffusion of smaller molecules (red and brown regions), transport receptors and transport-receptor-cargo complexes (green region) strongly depend on the NPC's occupancy of transport receptors. Pore occupancy can be regulated by the number of transport receptors (e.g., Imp β1) interacting with the NPC and the concentration gradient of RanGTP along the NPC.
Lastly, we examined the 3D pathways of cargo-free and cargobound Imp β1 in the presence of 15 μM 10 kDa unlabeled dextran molecules and found that a high concentration of small molecules diffusing through the NPC does not alter the conformations of the facilitated pathways.
These results show that the conformations of the FG-Nup filaments that interact with Imp β1 in the NPC are specifically regulated by the amount of Imp β1 and RanGTP in the NPC. The reversible conformational change of some FG-Nups in intact NPCs might correspond to the reversible collapse of the FG-filaments described in the polymer brush model (14) .
Conclusions
In summary, we found that a viscous central axial channel serves as the sole passageway for the passive diffusion of small molecules in the NPC, which is consistent with the oil-spaghetti and ROD models for NPC transport (12, 13) . Our observations do not support the existence of multiple channels that are randomly distributed in the NPC, as has been proposed by the selective phase/ hydrogel model (15, 16, 18) . We found that Imp β1 and the import cargo complexes, which mainly interact with the FG repeats on the periphery of the central channel, possess distinct pathways from that of the small molecules. Nonetheless, we found that these two transport routes are not completely spatially separated and that the extent of overlap depends on the molecular sizes of the transiting substrates. This result sheds light on the debate over whether passive and active transport share overlapping or separate spaces in the NPC (24) (25) (26) (27) . We also found that the 3D conformations of the pathways for both passive and active transport are closely correlated and depend on the amount of Imp β1 that is available to interact with the FG repeats and the concentration gradient of RanGTP along the NPC. This result indicates that a reversible conformational change of the FG-Nup barrier occurs in intact NPCs.
Previous studies have shown similar nucleocytoplasmic transport kinetics for cargo-bound or cargo-free transport receptors in permeabilized and living cells (22, 31) . Recently, it was reported that in living cells, each NPC is capable of providing binding sites for up to 100 Imp β1 molecules (approximately 70 μM), and routinely mediating approximately 1000 translocation events, corresponding to a total mass of 10-20 MDa, every second (15, (20) (21) (22) 32) . The ability of the FG barrier in the NPC to adopt different conformations according to the transport receptors and RanGTP that we have observed here may be crucially important for accomplishing massive, efficient and robust nucleocytoplasmic transport in living cells.
We have summarized the dynamic conformational changes of the FG-Nup barrier and the corresponding regulated distinct transport pathways in the NPC in a model we term "self-regulated viscous channel" (SERVICE). In this model, we propose that compact FG-Nup filaments functioning for transport-receptorfacilitated translocation anchor at the nuclear wall but sparsely permeate the central axial channel for the passive diffusion of small molecules. The conformation of these FG-Nup filaments is dynamically regulated by transport receptors (e.g., Imp β1) and energy regulators (e.g., RanGTP) to meet the needs of the cell for nucleocytoplasmic trafficking (Fig. 4D ).
Materials and Methods
For these experiments, we used a HeLa cell line stably expressing GFP-POM121. Freshly split cells were grown overnight on coverslips in DMEM supplemented with 10% FBS. For microscopy, flow chambers were constructed using a top coverslip and two lines of silicone grease as spacers. The SPEED microscope includes an Olympus IX81 equipped with a 1.4 NA 100× oil-immersion apochromatic objective (UPLSAPO 100X, Olympus), a 35 mW 633 nm He-Ne laser (Melles Griot), a 120 mW ArKr tunable ion laser (Melles Griot), an on-chip multiplication gain charge-coupled device camera (Cascade 128+, Roper Scientific) and the Slidebook software package (Intelligent Imaging Innovations) for data acquisition and processing. A more detailed explanation of the materials and methods is available in SI Text.
